In this paper a transistor open-circuit fault diagnosis method in a rotor field oriented controlled induction motor drive, fed by a two-level voltage inverter has been proposed. The diagnostic procedure ensures detection and localization of single or multiple power switch failures in time shorter than one period of a stator current fundamental harmonic, without regard to a drive operation point. A new simple scheme of the diagnostic system is proposed. In order to validate the proposed transistor fault diagnostic method, a detailed simulation as well as experimental tests of the field-oriented control drive system were carried out and some of them are shown in this paper.
Introduction
Induction motors (IM) are the most popular electrical machines in industry nowadays because of their robust construction and relatively low manufacturing cost. They are practically maintenance-free and they assure very good dynamic performance if appropriate control structure is applied. The aforementioned qualities have been researched and improved by using intelligent and sophisticated control methods based on the field oriented control (FOC) or the direct torque control (DTC) because these control concepts enable both the amplitude and phase control of ac-excitation. In general, these adjustable IM drives are composed of advanced structures that include the static inverter, induction motor, control blocks, electrical and mechanical connections, sensors, etc. Thus, the total reliability of the drive system can be improved by increasing the reliability of each single component or by decreasing the number of the structure components of a drive through the development of sensorless drives [1, 2] .
Faults of power electronics, an electrical motor or sensors in adjustable-speed electrical motor drives can significantly disturb the control process, resulting in a drive availability decrease. As a result, in the last decades, the interest of many members of the drives community and marketplace has been focused on new control techniques, that allow simultaneous electric drive operation after faults occurrence [3] . These techniques, known as fault-tolerant control (FTC) methods, integrate failure diagnosis algorithms and hardware or software redundancy that allow correct drive operation under its faulty condition. In [4] motor speed sensor fault-tolerant control technique based on the drive angular speed estimation is presented. The speed sensor failure is detected by analysing the error between the measured and estimated motor speed. According to this method, if a sensor is faulty, the drive operates using the estimated signal for the speed control. In [5] the hardware redundancy is utilized for the current sensor fault-tolerant control. The faulty sensor is replaced with the healthy ones. In the case of transistor failures the redundant converter topologies are required [6, 7] . First, the faulty transistor is isolated and then, thanks to the converter circuit reconfigurations, the postfault control is implemented. The effectiveness of faults diagnostic techniques, namely correct failure detection and its localization, robustness against false alarms as well as fast diagnosis have an important influence on the possibility of an appropriate remedial action.
Among various types of faults, power converter faults, related to semiconductor or control circuit damages, are the most frequent ones and are estimated to make up to 60% of power device failures [8] . Thus recently quite a lot of different fault detection and localization methods and techniques devoted to power converters have been reported in technical literature. Surveys of diagnostic methods dedicated to transistor failures are presented in many works, e.g. [9] . In fact, they are hardware-and software-based transistor faults diagnostic techniques. The most frequently used approaches are based on the analysis of easily accessible signals, such as measured current or estimated voltage, thus these methods are usually classified as current-or voltage-based ones. It is important that, in accordance with these techniques, no additional measurement systems are utilized, in most cases. Many transistor failure monitoring techniques are based on the analysis of standardized errors between the reference estimated, predicted or measured variables [10] [11] [12] [13] [14] [15] . For this purpose, the average values of these errors, which are additionally normalized by dividing them by the module of the variable vector, are calculated. Thanks to signal normalization the constant fault threshold can be assumed. The effectiveness of some of these techniques depends on the accuracy of the used estimation or prediction algorithms. Moreover, they require a relatively high computational effort so the industrial application of these algorithms is limited.
The second group of the transistor fault diagnostic methods consists of techniques based on the analysis of vector hodographs of the fault diagnostic variables [16] [17] [18] [19] . A vast majority of these algorithms use the current vector whose amplitude is load-dependent. To overcome this disadvantage the flux vector, whose amplitude is stabilized for speed control, is utilized [16] .
Unfortunately, some of the diagnostic methods are applied by using sophisticated algorithms, such as fuzzy-logic techniques [16] or neural networks [20, 21] , that require a relatively high computational effort, so their applications are limited.
In this paper, an open-circuit fault diagnostic method for transistors with a two-level voltage inverter is developed and extensively tested. The technique is dedicated to vector-controlled AC-drives fed by a two-level inverter with the voltage Space Vector Modulation (SVM). The diagnostic procedure ensures the detection and localization of single power switch failures as well as single-phase transistor faults, in time shorter than one period of the stator current fundamental harmonic, without regard to a drive operation point. In order to reduce an implementation effort of the solution, a scheme of the diagnostic system was simplified compared to the solution presented by the authors in previous work [17, 18] . In comparison to the methods described in the introduction, the developed algorithm is simpler to implement, which improves its applicability, in particular in the case of the low cost motor drive systems. Additionally, the method was validated by simulation and experimental tests, in different operation conditions of the drive system. The tests were carried out in the direct rotor field oriented controlled (DRFOC) induction motor drive under single and multiple switch open-circuit failures. To prove the diagnostic method robustness against false alarms simulation as well as experimental tests under various healthy motor drive operations have been carried out. The presented method was validated not only during constant speed and load of the drive but also under the drive acceleration and deceleration as well as rapid load changes.
Description of the fault diagnosis method
In Fig. 1a , the basic scheme of two-level voltage source inverter topology, whose faults are considered in this paper, is presented. For this inverter only eight switch-status combinations are possible, so that eight voltage vectors described as U 0, ..., U 7 can be generated, according to Fig. 1b . In accordance with the diagnostic algorithm, detection and localization of transistor faults can be carried out by processing signals related to reference inverter voltages, generated in the control structure of the drive system, based on the rotor-field-oriented control (DRFOC), as it is presented in Fig. 1c .
These voltages can be produced by using eight combinations of the switch status. In order to achieve a reference voltage vector U r , whose position in the "!$ plane is defined by an angle γ, that is referred to the α axis, six active voltage vectors (U 1,...,U 6) and two zero ones (U 0 and U 7) are used. These vectors divide the "!$ plane into six sectors: I, ... ,VI, in accordance with (1):
where int means the operation that returns the integer value. Extraction of fault information is based on monitoring the voltage vector presence time t M in the specific sectors of the complex "!$ plane. Depending on motor speed direction and fault location, in a drive steady state, the reference voltage vector is forced in one characteristic sector during a much longer time-period than in the case of some other ones [16] . The direction of the voltage vector rotation is related to the angular motor speed direction. In further considerations it was assumed that under the motor mode of the machine, which rotates in the positive speed direction, the voltage space vector rotates in the positive direction as well. This means that the numbers of the sectors are increasingly changed. In this paper, a new simple implementation scheme of the diagnostic method described in detail in [17] is proposed, namely a number of counters used to realize the diagnostic system has been decreased from six to one. Additionally, to localize the faulted transistor, the signal SN is considered in the rule base. The block diagram of the analysed transistor fault diagnostic system is shown in Fig. 2 . In this system, the counter whose frequency is equal to 5 kHz is activated by a triggering event, which consists in a change of the sector SN that describes the position of the reference voltage vector on the "!$ plane. The value of the output counter signal t M is proportional to the duration when the reference voltage vector is located in particular sectors. Due to the fact that the voltage frequency changes depending on the required motor speed, the diagnostic variable t M is normalized by assuming the linear relationship between the speed and the reference voltage resulting in (2):
where n is the drive speed, f Timer means the timer frequency, T N is the period of the nominal voltage and n N means the nominal speed, number 6 appears in the nominator of (2), because the "!$ plane is divided into 6 sectors. Thanks to the normalization, for the healthy motor drive operations, a constant maximum value of the diagnostic signal |t M norm | = 1 is obtained. If the signal |t M norm | reaches the fault threshold T TF , then the transistor fault is detected. In order to localize a faulty switch, the rule base which considers the motor speed direction is utilized in accordance with Table 1 . Logical variables k 1 and k2 are related to the comparators of the diagnostic system (see Fig. 2 ). Table 1 . Open-switch fault symptoms patterns
Simulation results of the IGBT fault detection method in a DRFOC-based induction motor drive

A short presentation of the simulation model and research scenario
This section presents selected simulation results which prove the effectiveness of the transistor fault diagnostic method. The presented results were obtained using a simulation model of the DRFOC induction motor drive system, which was using Matlab/Simulink and the specialized Sim Power Systems toolbox. In order to simulate open-switch faults, transistor gate control signals were removed, which results in non-conduction mode of the transistors. An assumed voltage modulation period is equal to 100 μs similarly to the experimental research described in Section 4. The nominal parameters of the induction machine are shown in Table 2 in the Appendix.
The simulation results are presented according to the following scenario. First, the diagnostic method robustness against the false alarms during the healthy motor drive operations is validated. Then, the open-circuit transistor failures are studied under a constant reference angular speed ω m and a different load torque m l of the motor drive system, namely the algorithm was tested for the almost fully-loaded motor (m l = 0.8m N ) under the fault of T1 then the load was rapidly decreased to m l = 0.2m N and the switch failure of T4 was simulated. Moreover, the diagnostic algorithm was validated for the transistor faults occurring during motor speed accelerations and rapid (step) load changes. In figures, a magenta dotted line indicates the fault occurrence, but a moment of the fault detection is depicted as a blue or yellow dotted line. In order to rate the speed of the transistor failures diagnosis procedure, the normalized fault localization time t TF is defined in accordance with (3):
where t fault means the time period between two instants: the fault occurrence and the fault localization, but T i means the period of the current waveform which is measured shortly before the failure occurrence.
To prove the effectiveness of the considered transistor fault diagnostic method, transients of the diagnostic variable |t M norm | that are compared with the failure threshold T TF , are presented. As proved in the next section of this paper, this threshold could be equal to 1.15, nevertheless in order to present the method more clearly, for the simulations it is assumed that T TF = 1.5. Additionally, relevant transients of the signal SN referred to the number of the sector, which describe the position of the reference voltage vector in the α−β stationary coordinates system, are shown. Moreover, phase currents i sA, B, C , reference speed ω m ref and the measured angular motor speed ω m , are presented. The following results have a representative character and they are related to the transistor failures in phase A of the inverter. The observations for the faults in the phase B or C are analogical.
Validation of the diagnostic method robustness against false alarms
Taking into account healthy motor drive operations, the values of the diagnostic signal |t M norm | are less than one, so the fault threshold should be greater than one. To assume the appropriate value of this threshold, namely to avoid false alarms, the diagnostic system was tested during rapid (step) load changes from the nominal value to zero. Fig. 3 shows the time domain waveforms of the angular speed, currents, electromagnetic torque and diagnostic signal for healthy motor drive operations.
First, at the instant t = 0.2 s the motor was loaded when the drive was operating at a low speed. Then, at t = 0.4 s the load was changed from the nominal value to zero. Then, at t = 0.5 s the nominal load torque m l = m N was applied (step change) once again and the speed was increased up to the nominal value. After that, at t = 0.9 s the load was suddenly reduced to zero. In Fig. 3e it is visible that the diagnostic signal does not exceed the assumed fault threshold not only during sudden load torque step changes but also during fast acceleration of the drive. In the LHS of Fig. 4 (c, d) , it is visible that, for the SN = 1 at t = 0.303 s, the diagnostic signal achieved the fault threshold T TF = 1.5, which is indicated by the green dotted line. For this case, the speed diagnosis takes 0.15 of the current fundamental period T i . After that, at t = 0.35 s, the motor was loaded (m l = m N ) and at the instant t = 0.45 s the fault of the lower transistor in phase A was simulated. As it can be seen in LHS of Fig. 4 (c, d ) the failure of T4 was detected at t = 0.47 s, so the duration of the fault diagnosis was also shorter than one current fundamental period (t TF = 0.77). Compared to the previously considered case, which illustrates the faulty drive operation under nominal motor speed, in the RHS of Fig. 4 faults of the inverter were simulated at the low velocity of the drive (ω m = 0.4ω N ). When the T1 failure occurred the load torque was m l = 0.8m N , next, at the instant t = 0.35 s, the load was rapidly decreased to m l = 0.2m N . Then at t = 0.45 s the fault of T4 was simulated. The T1 failure was detected within the time that is equal to 0.35 of the current fundamental period but, in the case of T4 open-circuit failure the detection time was t TF = 0.98 of T i .
The simulation results show the effectiveness of the single and multiple transistor fault diagnostic method under various motor drive conditions, namely the changeable load and various motor speed that was referred as a constant values. 
Evaluation of the diagnostic method under DRFOC drive operation with linear speed changes
Many electrical drives operate with frequent motor speed changes so it is necessary to validate also the effectiveness of the analysed fault diagnostic technique during speed acceleration and deceleration. The following part of the article shows simulation results that confirm the correctness of the diagnostic algorithm for the single as well as multiple transistor open-circuit faults occurring in the inverter phase (see Fig. 5 ).
In accordance with the presented tests, the fault of T1 transistor was simulated at t = 0.30 s, but the failure of T4 switch occurred at t = 0.45 s. Until t = 0.35 s the drive operated with the load m l = 0.8m N and then was rapidly (step) changed to the value m l = 0.2m N . As shown in Fig. 5 , the transistor fault diagnosis took less time than one current fundamental period. In accordance with the presented simulation results the transistor open-circuit fault diagnostic method is effective even when the drive operates at a linear speed and the rapid load changes as well. From Fig. 4 and Fig. 5 results, that the fault threshold can be taken lower than the assumed value in all operation condition of the drive system (see a remark in section 3.1), thus in the experimental tests this value was taken T TF = 1.15. The research was carried out using a laboratory set-up whose schematic diagram and a picture are shown in Fig. 6 (for the same IM that was used in simulation tests). The experimental results, that are presented in this section, are organized in accordance with the following scenario. First, the diagnostic method robustness against the false alarms is tested. For this purpose the diagnostic signal |t M norm | is analysed during the speed acceleration or its deceleration as well as rapid load changes. Then, the openswitch faults are obtained under a constant angular speed ω m of the drive system. Next, the diagnostic method is tested for the failures that occur during motor speed acceleration. The results of the research have been presented similarly to the previously discussed simulations. Figure 7 shows the time domain waveforms of the angular speed, currents, electromagnetic torque and diagnostic signal for the healthy motor drive operations that take into account various speed and load variations. At the instant t = 0.45 s the motor was loaded when the speed of the drive was increasing. Then, at t = 0.9 s the load was changed from the nominal value to zero. At t = 1.4 s the load torque was applied m l = m N and then at t = 3.2 s the load was reduced under the motor speed deceleration. In Figure 6e it is visible that the diagnostic signal does not exceed the fault threshold T TF = 1.15 (similarly like in the simulation tests - Fig. 3 ), so it is justified to assume that this threshold is reached only for the faulty mode of the inverter.
Validation of the diagnostic method robustness against false alarms
Evaluation of the diagnostic method under constant speed operation of the DRFOC drive
In the LHS column of Fig. 8 experimental results obtained for the T1 fault, which occurred at the instant t = 0.506 s, under the transistor conducting mode, when the current of the faulty inverter phase i sA achieved the peak value, are presented. As can be seen in the LHS of Fig. 8(c, d) , for the SN = 1, at t = 0.524 s the diagnostic signal achieved the fault threshold, so the fault localization time comprises 0.09 of the current fundamental period. Compared to the previously considered case, in the RHS of Fig. 8 results achieved for the T1 failure, which occurred at the instant t = 0.181 s, under the transistor non-conducting mode, when the current of the faulty inverter phase i sA crosses the zero-level, are shown. As is clearly seen in the RHS of Fig. 8(c, d) , for the SN = 1, at t = 0.241 s the diagnostic signal reached the fault threshold, so the fault localization time comprises 0.94 of the current fundamental period.
The second considered group of transistor faults are single phase open-circuit failures. Fig. 9 presents the results which concern T1 and T4 faults, that occurred at t = 0.162 s, when the no-loaded motor operated at a nominal speed. At t = 0.191 s the diagnostic signal reached the fault threshold (Fig. 9c) when the reference voltage vector was located in the 4th sector of the "!$ plane (see Fig. 9d ), so the failure of T4 was recognized. After that, at t = 0.234 s the fault of T1 was detected. As it is visible in Fig. 9c , the failure diagnostic time is shorter than one period of the stator current fundamental harmonic, in both cases. The presented results proved the effectiveness of the proposed transistor fault diagnostic method in various motor drive conditions. Without regard to the fault instant, the transistor failure is localized faster than one period of the stator current fundamental harmonic. Additionally, thanks to diagnostic signal normalization, false alarms or a false diagnosis are avoided.
Evaluation of the diagnostic method under DRFOC drive operation at linear speed changes
In this subsection, the experimental results related to the transistor failures which occurred during linear changes of the drive speed are presented. In the LHS of the Fig. 10 , the behaviour of the drive system under a single transistor fault is presented. In Fig. 10a (LHS) it is visible that at the instant t = 0.042 s the fault of T1 was introduced, when the speed of the noloaded motor was decreased. Shortly after the fault occurrence, the diagnostic variable obtained the failure threshold at t = 0.045 s (see Fig. 10c ). In this case, the normalized fault localization time t TF = 0.2 is also shorter than one current fundamental period.
Next in the RHS of Fig. 10 , the experimental results that concern the transistor faults in phase A of the inverter during speed increasing at 80% of nominal load torque are demonstrated. At t = 0.146 s the transistors T4 and T1 (phase A) failures were introduced, while the speed of the drive was increased. First, at t = 0.157s the failure of T4 was detected and after that, at the instant t = 0.173 s, the T1 failure was localized. Similarly to the previously described experimental tests, the normalized fault localization time is shorter than one current fundamental period, in both cases (t TF (T4) = 0.35, t TF (T1) = 0.86). 
Conclusions
The low-computational diagnostic method of the single switch or single phase opencircuit faults in the two-level inverter fed IM drive system is proposed in this paper. The authors have already verified the diagnostic algorithm by some simulations in the previous work, but in this paper not only new simulation research results but also the detail experimental validation of the method was presented. Additionally, the scheme of the diagnostic system was significantly simplified, which makes the approach more applicable. The proposed diagnostic technique ensures the correct single-switch open-circuit faults diagnosis as well as single-phase failures detection in a time shorter than one period of the stator current fundamental harmonic without regard to an instant of the fault occurrence and the drive operation point. The presented method gives very good results as well for constant speed operation as for variable speed of the drive system, under constant and variable load torque (including its step changes). It has been proved in simulations and laboratory experiments that the proposed method does not produce false alarms. The proposed method can be applied in all control structures of IM drives, where the information on the reference stator voltage position is known, like in DRFOC or DTC methods with SV-PWM. It is possible to extend this technique to other control strategies such as vector control with hysteresis current controllers and sinusoidal PWM, however in the case of these techniques the stator voltage vector magnitude and position have to be estimated based on the measured DC-bus voltage of the inverter.
The presented solution requires a low-computational effort and is easy applicable in modern electrical drives. The hardware implementation of the proposed transistor fault diagnostic technique can be based on a simple microprocessor system or FPGA. Per unit system values have been calculated according to [2] .
Appendix
